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Abstract
Treatment of Class III is a current problem in orthodontics that requires constant improvement of its methods, development 
of new or modifications of known methods and techniques. We have developed and studied the modification of removable func-
tionally-directing orthodontic appliances for treatment of Class III, which consists of a plastic base, vestibular arc, retaining clasps, 
ramp, which is connected with the base by means of two torsion springs. Its usage ensures a prolonged contact of ramp with the teeth. 
We studied two types of club-shaped springs (torsion springs): one spring, which create an amortization effect during the 
action of the ramp, but do not change its inclination angle and second one – spring that seek to increase the angle of the ramp incli-
nation due to the disclosure of its curl.
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 1. Introduction
The aim of our study: improvement of functionally-directing orthodontic appliances for 
improving the efficiency of Class III treatment.
For orthodontic abnormalities treatment orthodontic appliances are used. They must create 
the orthodontic force with necessary magnitude and direction and act during certain period of time. 
The source of force in functionally-directing appliances is the masticatory muscles contractile 
force at the moment of contact of teeth or alveolar crest with the ramp or occlusal plane, bite ramps 
etc. Orthodontic forces in functional devices acts intermittently and dosage quantities of these 
forces are done by the patient, who is guided by his pain reception [1–4].
The disadvantages of known orthodontic appliances with ramp should include the difficulty 
for the patient to maintain the necessary level of orthodontic forces and insufficient duration of 
their action [1–5].
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The maximum contact between the dental arches is observed during swallowing. Without 
orthodontic appliance in the mouth it’s a central occlusion. With an orthodontic appliance in the 
mouth – it’s contact of a group of teeth with ramp. Most of the time during the day dentoalveolar 
apparatus is in a state of relative physiological rest [2, 6].
The average amount of saliva swallowing per day is: 1200–1300 times (55–60 h) (Kydd 
and Neff, 1964; Gibbs et al., 1981), 600 times (200 times, including during the meal, 50 – in sleep 
time, 350 – at any other time) (Henderson, 2013) [7]. Swallowing time – 0,2–0,5s. Due to this data, 
maximum contact of tooth occlusion surfaces lasts for 8–20 min. during the day (Lear et al., 1965, 
Sheppard and Markus, 1962) [1, 8].
2. Aim
Mechanical and mathematical modeling of orthodontic appliance with a movable ramp ac-
tion for improvement of malocclusion treatment methods.
3. Materials and methods
We invented an orthodontic appliance (declarative patent of Ukraine № 99388 from 25.05.2015), 
which consists of a plastic base, vestibular arc, retaining clasps, ramp, which is connected with the 
base by means of two torsion springs (Fig. 1) [9–11]. Its usage ensures a prolonged contact of ramp 
with the teeth.
Fig. 1. An orthodontic appliance with a movable ramp in the mouth
The object of our study is a system which consists of dentoalveolar apparatus and orthodon-
tic appliance with a movable ramp, which is designed for orthodontic treatment.
The parameters used in this studies are: the angle of appliance’s ramp, the size of the facial 
skeleton (the distance from the point that corresponds to the center of the head of the temporoman-
dibular joint to the contact point of the central incisors), the angle of axial inclination of the anterior 
teeth, the coefficient of friction between the ramp and the patient’s teeth. Two types of club-shaped 
springs (torsion springs) was studied: 1 – spring which create an amortization effect during the 
action of the ramp, but do not change its inclination angle (passive); 2 – spring that seek to increase 
the angle of inclination of the ramp due to the disclosure of its curl (active).
We divided mechanical modeling of Class III treatment process for research of forces that 
occur in the dentoalveloar apparatus and for study the process of orthodontic forces changing. 
Investigation of changes in orthodontic forces we carried out by studying their changes during 
vertical and sagittal displacements of the ramp relative to the upper teeth. Tasks were solved using 
classical methods of theoretical mechanics [6, 12–17].
The study suggested that resizing of all parts of the dentoalveloar apparatus, apart from 
movable ramp inclination changing by torsion springs, is low and this changes can be neglected, we 
assume the hypothesis of friction absence in the temporomandibular joints [18–20].
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The development of designing methods of orthodontic appliance with a movable ramp was 
held within the materials resistance, which is a branch of mechanics of deformable solids sci-
ence [21–23]. In calculations of the basic parameters of torsion springs, they regarded as the curve-
shape spiral rod that works on a bend. Stress-strain state of torsion springs was determined by the 
hypothesis of continuity, homogeneity and isotropy, which are built by the mechanics of deform-
able solids science.
4. Experimental procedures 
During the Class III treatment an appliance 1 with a movable ramp 2 is placed on the lower 
dental arch 3 (Fig. 2). The upper and lower jaw are connected by temporomandibular joint with disc 4 
and masseteric, temporal, medial and lateral pterygoid muscles, which provide jaws force contact.
The resultant of all the forces, which are generated by these muscles, is shown in the vec-
tor К
M
. The upper and lower jaw with the temporomandibular joints and muscles constitute a 
mechanism that converts force К
M
 to the mastication forces, and the appliance 1 – in orthodontic 
force R1, which is leading to the teeth and alveolar crest displacement by restructuring the bone. 
The patient’s bite is corrected in such way.
Fig. 2. Forces in the dentoalveolar apparatus during theClass III treatment by means of 
orthodontic appliance with a movable ramp
The force R1 is applied to the cutting edge of the frontal teeth of the upper jaw and has vestib-
ular direction. R1 force causes the reaction force R2, which is equal to the force R1 but acts through 
the ramp of the lower jaw in the opposite direction [21]. Apart from R1 and R2 forces, two friction 
forces FTP1, FTP2 are arising at the contact point of the frontal teeth of the upper jaw and ramp. They 
prevent mutual sliding between the ramp and the teeth. Force FTP1 (at Fig. 2 is not shown) acts on the 
upper jaw, force FTP2 is equal but oppositely directed to the FTP1 and acts on the lower jaw through 
the ramp. Frictional forces are [21]:
                                                 FTP1=kR1, FTP2=kR2,                                                           (1)
where k – is the friction coefficient. 
Since the lower jaw is in the equilibrium state because of the action of forces applied to it, 
the algebraic sum of the forces moments acting on it is zero [21]. If we neglect the weight of the 
lower jaw and friction in the temporomandibular joint, which is amortized by synovial fluid, then 
the lower jaw will get forces К
M
, R2, FTP2 and the force FС from the temporomandibular joint.
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We place a Cartesian coordinate system in such a way that the origin is in the center of the 
temporomandibular joint and the x axis passes through the contact point of the frontal teeth of the 
upper jaw with ramp 2. The equation of the moments of the forces acting on the lower jaw relative 
to the center of the articular tubercle has the form [21]:
    
                                              К
M
а–R2Lсоsβ–FTP2Lsinβ=0,                                                     (2)
where a – is the distance from the center of the temporomandibular joint rotation to vector К
M
, 
L – is coordinate of the point of the upper frontal teeth cutting edge, β – is the angle between the 
ramp and the x axis.
Solving the equation (2) due to R2 with regard to (1) we obtain:
                                               R2=аКM/[L(сosβ + ksinβ)].                                                        (3)
Eq. (3) shows that orthodontic force R2 depends on the facial skeleton size a and L, КM mus-
cle force, friction coefficient k and the angle β between the ramp and the x-axis.
                                                              β=arctgk.                                                                     (4)
Orthodontic force R2 can be decomposed into: the force acting along the tooth axis Q, and 
the force P which is directed in a perpendicular direction to this axis (Fig. 3):
Р=R2cos(α–β), 
                                                     Q=R2sin(α–β),                                                               (5)
where α – is the inclination angle of the tooth axis relative to the x axis.
Fig. 3. The components Q and P of orthodontic force R1 in the treatment of Class III
Substituting (3) into (5) we obtain the following expression for the forces P and Q:
Р=аК
M
cos(α–β)/[L(сosβ+ksіnβ)],
                                       Q=аК
M
sin(α–β)/[L(сosβ+ksіnβ)].                                                (6)
The force Q progressively moves the frontal teeth in the axial direction, and the force P – in 
the vestibular direction with translational-rotational move. We can change the forces P and Q by 
setting different angles of ramp inclination β. The angle of the axis inclination of the tooth α at 
the beginning of treatment is determined by the anatomical characteristics of the patient and 
can be in the range 45–75°. Since the orthodontic force vector is directed labially, the angle β is 
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in the range from –30° to α. The forces P and Q are calculated using the formula (6) for force 
К
M
=–10 N and the ratio a/L=0,23, angles β, equal to –30°, –15°, 0°, 15°, 30° and angle α, equal 
to 45°, 60°, 75° (Table 1).
Based on the orthodontic forces calculations the force P increases and force Q decreases 
with increasing of angle β. The angle between the ramp and the frontal teeth axis (α – β) influences 
the ratio between the forces P and Q. When (α – β) <45° – force P exceeds Q, if (α – β) = 45°, then 
F=Q, and when (α – β)> 45° – force P ratio will be less than Q. Forces P<Q is not desirable, since 
the inclination of the tooth must prevail over its intrusion. Most preferred angle between the ramp 
and the frontal teeth axis (α – β) is about 30°.
Table 1
Dependence of forces P and Q on the angles α and β
(α – β), ° P, N Q, N
α,° 45 60 75 45 60 75 45 60 75
β,°
–30 75 90 0,75 0 2,8 2,9
–15 60 75 90 1,24 0,64 0 2,14 2,39 2,47
0 45 60 75 1,62 1,15 0,59 1,62 1,98 2,21
15 30 45 60 1,97 1,61 1,14 1,14 1,61 1,97
30 30 45 2,1 1,72 1,22 1,72
Club-shaped springs of orthodontic appliance (Fig. 4) act as elastic hinges, which reduce its 
rigidity. The main parameters of the springs are: wire diameter (d), the outer diameter (D) and the 
number of curves (n). The free ends of the springs are fixed in the plastic base and the ramp. The 
angle between the free ends of the springs is γ.
Fig. 4. The torsion spring of orthodontic appliance
Spring is made of wire with a diameter from 0.4 to 0.8 mm when the outer diameter of 
2 mm. The free ends of the spring are loaded with the force of R2, which is reaction force of the 
upper frontal teeth and equal to the orthodontic force R1 but has opposite direction. The force R2 
generates a torque in relation to the spring axis [6]:
                                                                        М =R2l,                                                                                (7)
where l – distance from the line of action of force R2to the spring axis (moment arm).
Torque M varies with the angle γ (between the free ends of the spring). In the unloaded state 
when the moment M=0, the angle between the free ends of the spring becomes equal to γ0. The 
relationship between torque M and the angle γ is described by the equation:
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                                                               М=ζγ+М0,                                                                     (8)
where ζ – is the coefficient of springs rigidity in torsion, М0 – is the coefficient, which is equal to 
the torsion moment at γ=0.
The coefficient ζ describes the stiffness of the spring in torsion [7]: 
                                                   ζ = πE
С
d4/(1,152·103nD),                                                            (9)
where E
С
 = 2·105 MPa – modulus of elasticity of steel.
Stiffness of the appliance we can calculate by substituting in (9) various data of wire diam-
eter (d = 0.4...0.8 mm.) and the number of spring curves (n = 1...5).
The more stable and the longer is maintained by the required level of orthodontic force, the 
more efficient is the process of orthodontic treatment.
Exploring the dynamics of orthodontic force action during vertical movements of the lower 
jaw was found out that its maximum value is observed at the moment of swallowing, when the jaws 
have maximum contact. In moments of rest occlusal surface of upper and lower teeth are alien-
ated by a distance λ = 2...4 mm, which reduces the orthodontic force (Fig. 5, a). If at the time of 
maximum teeth contact the angle between the teeth and the ramp of appliance was equal γ
С
, after 
divergence of the jaws by a distance λ (Fig. 5, b) this angle becomes equal to:
                                             γ = arctg[(lCsinγC+λ)/(lCcosγС)],                                                 (10)
where l
С
 – moment arm of R2 during jaws max contact.
                                                   a                                                                         b
Fig. 5. Turning of the ramp during the vertical movements of the mandible. a – correlation of 
teeth related to the ramp; b – changing of angle γ during vertical displacement
When γ
С
=45°, λ=4 and l=5 mm, appliances ramp angle changes by an amount (γ–γ
С
)=20.
With the change of the movable ramp inclination angle γ, changes also moment l of 
force R2:
                                                         l=l
С
cosγ
С
/cosγ.                                                                  (11)
Solving the system of equations (7)–(11) with in relation to orthodontic forces, we get its 
dependence on the vertical movement of the lower jaw R2 (λ).
During the treatment of Class III malocclusion also takes place an extension of the frontal 
part of the upper dental arch (Fig. 6, a). After displacement by a distance λ1 (Fig. 6, b), the angle 
of the movable ramp becomes:
                                                γ=arctg[(l
С
sinγ
С
)/(l
С
cosγ
С
–λ1)].                                                       (12)
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If γ=45°, λ1=1 and l=5 mm, twist is of the inclined plane (γ–γC)=9.
The displacement also results in a decrease in l arm moment of strength R2:
                                                       l=l
С
sinγ
С
/sinγ.                                                                 (13)
                                                      a                                                                       b
Fig. 6. Turning of ramp during the displacement of the mandible along the occlusal plane.  
a – correlation of teeth related to the ramp in occlusal plane; b – changing of angle γ during 
sagittal displacement
Solving the system of equations (7)–(9), (12), (13) in relation to orthodontic force we get R2 
dependence on λ1 distance.
In the case of less rigid spring (n=5, d=0,5 mm) during a displacement of dental arches for 
the λ1=1 mm small local growth orthodontic effort occurs, which is achieved by reducing ortho-
dontic force arm.
5. Results
Analysis of the dentoalveolar apparatus with functionally-directing appliance with a 
movable ramp and passive torsion springs showed that their distribution in moment of the 
maximum forces is the same as both with the presence and in case of their absence. At muscles 
rest condition the appliance with passive spring acts similarly to the fixed ramp, without cre-
ating any additional forces. However, the presence of the elastic hinge between the ramp and 
the basis of the device changes its stiffness, i. e., ability to deformation under the influence of 
mechanical stress.
By using springs which tend to increase the angle β during the resting of muscles, i. e. 
change the angle (α–β), a movable ramp will create additional effect of mechanical factors affecting 
anterior teeth not only when swallowing, but also at rest.
Unwinding curls of spring creates contact (force) between the appliance and the frontal teeth 
at physiological rest, and compensates the angle (α–β) in the process of moving teeth. Appliance 
with movable ramp is able to maintain a longer time predetermined angle (α–β) as compared with 
stationary appliances. The exact time interval of changes of the axial inclination of teeth α is an 
individual parameter of each patient and depends on the duration of orthodontic appliance usage, as 
well as the characteristics of the structure and the formation of dentoalveolar apparatus.
Orthodontic force is more stable in the case of using the springs made from wire of smaller 
diameter and with a greater number of curves.
6. Discussion
Studies have shown that orthodontic force depends on the angle of the appliance ramp, 
the parameters of the facial skeleton (the distance from the point that corresponds to the 
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center of the temporomandibular joint head to the contact point of the central incisors), the 
angle of axial inclination of the anterior teeth, the coefficient of friction between the ramp 
and the patient’s teeth.
By setting different angles of inclination, the position of the frontal teeth and the alveolar 
crest can be changed from the translational motion in the direction of the tooth axis to the transla-
tional and rotational – in the vestibular direction.
The presence of elastic hinge between the appliances base and the ramp allows maintain a 
stable level of orthodontic forces in the course of treatment, when the effect of an increasing in the 
saggital distance between the upper and lower teeth is present.
7. Conclusions
1. Minimum orthodontic force will occur in the case when the angle between the ramp and 
a line connecting a point that represents the center of the temporomandibular joint articular head, 
and the contact point of incisors will be equal to the arctangent of the coefficient of friction between 
the patient’s teeth and the ramp.
2. Most preferred angle between the ramp and the axis of the upper frontal teeth is about 30°.
3. The movable ramp with active springs acts on the teeth not only during the act of swal-
lowing, but in a state of physiological rest.
4. The greatest influence on the rigidity of the orthodontic appliance has a diameter of the 
spring wire – spring rate increases in proportion to the fourth power of the diameter of the wire.
5. In order to reduce the rigidity of orthodontic appliance is necessary to increase the diam-
eter of the turns of the springs and their number.
6. The usage of less rigid appliances with movable ramp stabilizes orthodontic force and 
accelerates the process of malocclusion treatment.
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